Mass transfer during membrane formation by means of phase inversion for a polymeric system with both a solid-liquid and a liquid-liquid equilibrium was studied on the basis of the theory developed by Reuvers and Smolders. During the first moments of immersion in the coagulation bath, the concentrations at the interface between bath and film are governed by the virtual liquid-liquid equilibrium. This equilibrium no longer exists at a larger time scale. The interfacial concentrations as a result of the local liquid-liquid equilibrium during mass transfer are located deeply in the crystallization region or solid-liquid demixing area and after an induction time the solid-liquid phase separation (crystallization) takes place when membranes are formed with an initial polymer concentration of 20% or larger. The calculated initial concentration profiles show a shallow pattern in polymer content for the films with initial concentration of 20 and 25%. From the calculated initial concentration profiles an isotropic morphology in the final membrane can be expected. A steep increase of the polymer concentration at the interface was observed for the more concentrated films correlated with a skinned morphology in the final membrane.
Introduction
Membranes can be prepared by various techniques of which immersion precipitation is widely used [1] . In this process a polymer solution is cast as a thin film and subsequently immersed in a nonsolvent bath, thereby inducing diffusional exchange of solvent and non-solvent, resulting in phase separation. With semi-crystalline polymers, such as aliphatic nylons, two types of phase separation processes may occur. Liquid-liquid demixing resulting in a porous structure with pores that are formed from the nucleated polymer lean phase and solid-liquid demixing with crystalline parts in the membrane. The pores in this case are the voids in between the partly crystalline units.
It has been found that for the ternary system nylon 4,6, formic acid and water crystallization or solid-liquid demixing occurs, resulting in a spherulitic or axialitic morphology of the membrane when the casting solution has a rather high polymer concentration [2] . At lower polymer concentrations the typical cellular morphology, which is a result of liquid-liquid demixing, has been observed. The equilibrium thermodynamics of this system has been described previously [3] . Thermodynamically, crys- Fig. 1 . Isothermal (phase) diagram at 30°C for the ternary system water (1), formic acid (2) and nylon 4,6 (3) , with the experimentally determined crystallization line and the calculated liquidliquid demixing gap depicted [3] . The virtual binodal does not represent existing equilibria in this thermodynamic phase diagram. Its location, however, is important for membrane formation.
tallization is the favorable phase inversion process. The phase diagram with the parameters used is given in Fig. 1 .
Knowledge about the thermodynamics of the membrane forming system is a first step towards understanding the formation of phase inversion membranes. It has been shown, however, that kinetic conditions may result into another phase separation process than predicted by the equilibrium thermodynamic properties of the system [2, 3] . In order to understand the mass transfer of the components during the diffusion processes Reuvers and Smolders [4] have developed a model on the basis of earlier work of Cohen and co-workers [5] . Since then a number of papers have been published on mass transfer during a diffusion induced phase separation process [6] [7] [8] . Two different kinds of circumstances leading to different types of morphology in the final membranes, in both cases determined by liquid-liquid demixing [9] , have been found. Firstly, delayed onset of demixing which results in membranes with a dense skin and a porous sub-layer with isolated pores. The second type, instantaneous demixing, being visualized by the occurrence of immediate turbidity in the film after immersion, results in membranes with a porous skin. The model developed by Reuvers and Smolders [9] allows predictions concerning the type of membrane morphology that can be expected.
In order to develop a further insight concerning the morphology of a membrane, determined by solid-liquid demixing, mass transfer in ternary systems should be studied, while including the crystallization process. Many polymers, such as aliphatic nylons, poly(phenylene oxide) or cellulose acetate, are able to crystallize. While it is known that this influences the properties of the resulting membranes, the crystallization phenomenon has always been neglected in the models describing mass transfer during immersion precipitation, although Koenhen and Smolders [10] and Altena and Smolders [ll] have studied the thermodynamics of crystallization in binary and ternary systems for poly(phenylene oxide) and cellulose acetate respectively.
The objective for this paper is to develop a better understanding of the initial concentration profiles of the different components during phase inversion in which crystallization is involved, and to find a relationship between the concentration profiles and the final morphology in the membranes.
Theory

Mass transfer model
Immersion precipitation is governed by a solvent and a non-solvent flux perpendicular to the film surface as may be deduced from Figs. 2 and 3. The final morphology of a membrane is largely influenced by the concentration profile in the film at the moment that the phase separation processes start.
Before immersion of the polymer film into the coagulation bath the concentration of polymer is homogeneously distributed in the film and no concentration gradients exist in the coagulation bath. After immersion the in-flow of non-solvent (component 1) into the film and out-flow of solvent (component 2) effects the concentration of all three components in the film. The polymer does not dissolve in the coagulation bath; component (3) stays in the film. Because of a higher flux of solvent (,/2) relative to the flux of non-solvent (J~), the polymer concentration in the film generally increases as is indicated schematically in Fig. 2 (2) with an initial concentration of 4)2 ° and non-solvent (1) with the initial non-solvent concentration 4) ° equal to zero in this case, and of solvent (2) and non-solvent (1) in the coagulation bath.
bath and the film differential flux equations are derived. The approach as developed by Reuvers et al. [4] will be followed here.
for which /xj is the chemical potential of component j per kg j and x is the cartesian spatial coordinate perpendicular to the membrane surface, and the Lgfs are the phenomenological coefficients. Jf gives the mass flux in kg/m z s. According to Crank [12] a moving boundary problem can be treated by defining the fluxes relative to a polymer fixed frame of reference, since the polymer stays behind in the film, and acts as a reference component. The fluxes are defined as follows:
Where 9~ and ~3 are the average velocities of component i and 3 relative to the lab fixed frame of reference and c/ is the concentration of component i in kg/m 3. For treating the moving boundary problem the coordinate m is introduced,
The diffusional equations for the film
Since in most cases ]Jl[ < I J21 the film shrinks and therefore the position of the interface is gradually changing in time. Mass transfer must be described with a moving boundary model. The mass transfer is based on a phenomenological model in which a flux is related to thermodynamic driving forces.
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The continuity equation for this system is given as:
The tilde ~ denotes that ~ is a flux relative to the laboratory fixed frame of reference. Eq. (4) can be restated according to Eq. (5).
The flux, ~, equals the volume fraction of component i, 4) i, multiplied with its velocity, ~i. The volume fraction can be expressed in the concentration times the partial specific volume, ~//. It is assumed that the partial specific volumes, ~i, are constant and equal to the specific volume. The volume fixed and the laboratory fixed frames of reference are related to each other by a constant factor. The fluxes f (lab fixed frame of reference) and Ji (polymer fixed frame of reference) are related as follows:
J~ =f -(4'J4~3) f3 (6) By using the transformation (3) and the continuity equation, Eq. (l) is transformed to Eq. (8).
The relation between the compositions at the directional coordinate m and time t is given by Eq. (8) with a concentration dependent phenomenological coefficient Lij.
The fluxes are calculated by integration of the left hand term of Eq. (8).
The diffusional equations for the coagulation bath
The binary diffusion processes in the coagulation bath can be described by Fick's second law.
For the bath the position coordinate y is used as is given in Fig. 3 .
Transferring Eq. (9) with regard to the moving frame gives the differential equations for the bath.
As can be understood easily the change in the interface position (d X(t)/dt) relative to the laboratory frame of reference is reflected by the sum of the volume fluxes Jl and J2 at y = 0, with J1 being negative relative to the y coordinate. The sum of the fluxes has a positive value in most cases, which implies that the coagulation bath expands and the film shrinks.
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Crystallization in relation to mass transfer
In the previous section the mass transfer model as developed by Reuvers et al. [4] has been explained. This mode! only deals with one phase separation process, defined by the liquid-liquid demixing boundary, and discusses the mass transfer processes before the actual phase separation process has started. For the membrane forming system discussed in this study two types of phase equilibria are involved: liquid-liquid and solid-liquid demixing boundaries, i.e. the binodal curve and the crystallization line respectively. In this section the process of crystallization will be discussed in relation to mass transfer for this ternary system.
Crystallization always needs some degree of supersaturation, i.e. it does not set in at the moment the equilibrium solid-liquid line in the phase diagram is crossed. First a nucleus with a critical size must be created (thermodynamic reasons) and the crystallization process requires an induction time. The creation of the nuclei or embryos requires the polymer molecules to rearrange in an ordered structure, the crystalline lattice. Examples of schematic drawings of such ordered structures are given in Ref. [13] , with the polymer molecules folded back upon themselves. It has been shown that polymers crystallize in spherulites or axialites [14] . For the same considerations as described by Khoury and Passaglia [15] we do not adopt the fringed micelle model. In order to create ordered crystalline structures two steps are involved. Firstly the polymer coil must move to the growing polymer surface and secondly the polymer molecule must fold itself in a specific order in the crystalline lattice, the surface reaction. These kinetic reasons also make clear that crystallization or solidliquid phase separation needs an induction time.
At the very first moment of immersion of the film in the coagulation bath the crystallization process has not started yet. We assume that from a very small time interval after immersion of the film continuous chemical potential gradients are present (i.e. local equilibrium is assumed) [16] . In case of systems in which a liquid-liquid demixing gap is present the conditions at the interface are clear. A local interfacial equilibrium between the film and the coagulation bath is a liquid-liquid equilibrium that is given by a pair of points on the binodal connected by a tie-line. The composition on the film side is given by a polymer rich phase, the composition in the bath at the interface is the corresponding lean phase (see Fig. 3 ).
For systems with crystallizable polymers the situation is more complex. At the first moments of immersion two liquid phases are contacted while in later stages (two or three seconds or longer) solidliquid phase separation takes place. The first moments after immersion cannot be dictated by a solid-liquid demixing border, since the local equilibria at the interface are concerned with a liquid-liquid interface, bath-film. It has been shown that a binodal curve does exist for the system nylon 4,6, formic acid and water [2] , because at the lower concentrations a foam-like morphology has been obtained. This is a clear indication that a liquid-liquid demixing gap is present for this ternary system [2] . It can be assumed that in the first moments after immersion a local liquid-liquid phase equilibrium is present at the interface. The exact composition at both sides of the interface are given by the nodes of a tie-line with the binodal.
These first moments of immersion can be described by the model of Smolders and Reuvers. The parameters for the model are summarized below.
The initial and boundary conditions
The following initial conditions are valid [4] : at t = 0 the compositions of the film and of the coagulation bath are completely homogeneous. The film consists of the original polymer solution and nonsolvent eventually added to the solution. The bath has the initial concentration for non-solvent (and eventually added solvent). The indices b and f stand for the coagulation bath and the film, respectively, M gives the site near the glass plate.
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These equations are valid for t = 0; they state that both in the film and in the bath no concentration gradients are present just before immersion of the film in the bath.
At time t > 0 after the very first moments of immersion local equilibrium is assumed leading to the boundary conditions at m = 0 and y = 0:
There is no accumulation of one of the components at the interface. Components that diffuse out of the fihn, diffuse into the coagulation bath and vice versa. At the interface the following condition is valid:
Calculation procedure and assumptions
For description of the chemical potentials in the ternary system the Flory-Huggins theory is used [3] . The calculation procedure as described by Reuvers and Smolders [9] is used.
1. For the boundary conditions at the interface a tie-line is chosen on the binodal curve.
2. Solvent and non-solvent fluxes are calculated for the film. Concentration gradients are calculated with Eq. (8).
3. The value for the sum of the fluxes is used to calculate the non-solvent flux from the coagulation bath. Concentration profiles are calculated for the coagulation bath by means of Eq. (11).
4. The procedures 1, 2 and 3 are repeated until the flux of non-solvent is equal for both the film and the bath by adjusting the interfacial concentration.
The last step before the concentration profiles for our system can be calculated is the determination of the phenomenological coefficients for the film part and the diffusioncoefficient for the calculation of the concentrations in the film.
The same assumptions as have been described by Reuvers and Smolders [4, 9] polymer lie close to each other a sedimentation or flotation coefficient can not be experimentally determined. Data for sedimentation coefficients of various polyamides in different solvents are listed in the Polymer Handbook [19] . The order of magnitude of the coefficients is similar for all types of polyamides. The same concentration dependency is assumed as is found by Reuvers and Smolders [9] in which the sedimentation coefficients at infinite dilution is taken for an aromatic polyamide with a molecular weight of 25 000 g/mol in dimethylformamide with 3% of LiC1 [19] . The sedimentation coefficient of nylon 4,6 in formic acid is estimated in this way. The inverse value of the sedimentation coefficient (1/s3), which is linearly related to R23, has been plotted in Fig. 4 .
In the calculations the following relations are used [17] . 
M2F3
with the coefficient F 3 inversely proportional to R23, M 2 the molecular weight of component 2 and ~73 the partial specific volume of the polymer. The calculations are carried out during the first full second. The sensitivity of the calculations towards a change in the values for the friction coefficients will be evaluated.
Results and discussion
The calculated composition paths starting from various polymer concentrations are given in Fig. 5 . A composition path as it has been defined by Reuvers gives information about the compositions at all positions; it is a curve representing all compositions existing in the polymer solution at one moment, or all compositions at all times at one position in the polymer solution assuming that the polymer solution and the coagulation bath are semi-infinite media under the time scale of consideration. The calculated profiles of the polymer concentration as a function of the position coordinate are given in Fig. 6 . The binodal curve (only valid when crystallization has not started yet) and the experimental crystallization line are given in Fig. 5 . The composition path "a" (Fig. 5) can be considered as a delayed type of demixing in the sense of liquid-liquid demixing, which is consistent with the physical background of the system. The light transmission profiles showed a delay time for this case (see Fig. 7a ). Crystallization in case "a" does not take place prior to liquid-liquid phase separation; the membrane cast from a 15% polymer solution (see Fig. 8a.) shows a cellular morphology as a result of liquid-liquid demixing, even if some of the compositions are inside the crystallization region. The degree of supersaturation for crystallization is apparently not large enough to form nuclei of a critical size. The calculated compositions of curve "a" are located in a region, in which samples used for determination of the equilibrium melting temperatures [3] showed crystallization only after several hours to several weeks. Crystallization from the melt generally requires at least a degree of undercooling of 30°C or more; the comparison with crystallization from the melt has further been worked out in [20] .
The composition path "b" is located deeper into the solid-liquid region (see Fig. 5 ). A delay time in the same order of magnitude as for case "a", 25 to 30 s (see Fig. 8b ) can be found for the membrane formation with a polymer solution of 20%. In this case the delay time is related to solid-liquid demixing, at least what is observed in the final morphology (Fig. 8b) . It is very likely, however, that the first turbidity results from early nucleation and growth of a polymer lean phase (liquid-liquid demixing) followed by crystallization. Some remains of an early "cellular" morphology can be observed in the SEM photograph (Fig. 8b) ; the irregularly formed spherulites are connected with each other by ties, which are probably the remains of the "walls of cells' '.
Composition path "c" (Fig. 5 ) has entered the crystallization region deeper compared to case "b". The profile as it is calculated according to Reuvers is "delayed" with respect to liquid-liquid demixing. The values for the delay time in case of membrane formation from a 25% polymer solution (Fig. 7c) is 6 s. Whether the first turbidity observed is a result of liquid-liquid or of solid-liquid phase separation cannot be concluded from the morphology determined by SEM (Fig. 8c) , because remains of polymer lean nuclei, possibly resulting from liquid-liquid phase separation, have not been found. The delay time for solid-liquid demixing is smaller than the delay time for liquid-liquid demixing The larger degree of supersaturation with respect to crystallization has resulted in the formation of smaller spherulites compared to case "b".
Calculation of the concentration profiles during the first second as is described above is justified for the cases "a", "b" and "c", because phase separation either by liquid-liquid or by solid-liquid demixing has not occurred yet.
Furthermore it can be concluded that a good correlation has been found between the calculated initial composition paths and the experimental re- suits. In all three cases mass transfer calculations do not predict a large interfacial polymer concentration. The structures of the three corresponding membranes, indeed, show a rather isotropic morphology (see Fig. 8 ).
The concentration profiles "d1" and "d2" as calculated with the mass transfer model are considered as instantaneous with respect to liquid-liquid demixing, which might indicate that the first occurring demixing process is liquid-liquid phase separation. The calculated compositions inside the binodal area are just a result of the calculations, immediate phase separation after immersion into the bath will occur in the case of instantaneous liquid-liquid demixing. Whether instantaneous demixing with respect to liquid-liquid demixing, as it follows from the mass transfer model, takes place as a first phase separation process cannot be concluded from the experimentally obtained results. The immediate turbidity observed in the first second after immersion of the films (Fig. 7d) can be either due to the onset of liquid-liquid or solid-liquid phase separation. The driving force for crystallization, at the same time, is so large that a large number of nuclei can be created. An eventually formed polymer lean phase in a continuum of a polymer rich phase cannot be found after the crystallites have grown out to their maximum size, In the final morphology of the membrane the so formed crystalline structure dominates, and identification of the phase separation process responsible for the immediate turbidity after immersion is not important. Following the membrane formation visually two Polymer concentration (vol%) Fig. 6 (continued). stages were observed: (I) The occurrence of an immediate haziness in the film after immersion, followed by (2) the creation of white spots after 2 to 3 s spreading out over the whole membrane area. The large supersaturation in the cases "d]" and "d2" has resulted in an axialitic morphology in the final membranes because of a large nucleation density as has been described previously [2] . The large nucleation density is a result of a high nucleation frequency [20] in combination with moderate growth. It is not the result of a moderate nucleation frequency with slow growth that also leads to a high nucleation density.
The concentration profiles of the polymer 1 second after immersion of the film into the bath are given in Fig. 6 (1) and the (time normalized) fluxes of solvent and non-solvent through the film-bath interface in Fig. 6(2) . The solvent out-flux is the largest in case of a 15% solution and decreases as the polymer concentration in the initial solution is larger. For the 15% solution the out-flow of solvent is an order of magnitude larger that the inflow of non-solvent. In all cases the flux of solvent is larger than the non-solvent flux. The difference between these fluxes becomes smaller with increasing polymer concentration. As a consequence the non-solvent flux is the largest for the high polymer concentration despite the fact that the resistance for transport must be considerably larger in this case. The in-flux of non-solvent here is presumably hindered to a large extent by the "counter-current" flux of solvent, which is the largest for the lowest polymer concentration. From Fig. 6 it follows that the polymer concentration at and close to the interface is in the cases "a" and "b" lower than the "bulk" polymer concentration. At the higher polymer concentrations (> 25%) this effect does not take place. These results illustrate that a large solvent out-flux (J2) not necessarily implies that the interfacial polymer concentration increases compared to the initial polymer concentration. The total compaction of polymer in the film as a result of a larger Jz relative to J~, which is related to J2 + Jl with a negative J2 relative to the film, is schematically given by the total area under the curve of a plot of the polymer volume fraction versus the x coordinate (see Fig. 9a ); area "2" represents a positive and area "1" a negative value.
Also for the cases "a" and "b" in Fig. 6 (1) the area under the curves is positive, which is consistent with the calculated values for the solvent and nonsolvent flux through the interface. These calculations are in agreement with the morphology of the mem- Distance from the interface Fig. 9 . Schematical polymer concentration as a function of the distance from the interface. In case "a" the situation for lower interracial polymer concentrations is drawn: "b" reflects most cases in which the polymer concentration at the interface is higher than the initial polymer concentration. The area under the curve (area 2 -area 1) is a measure for the total compaction of polymer.
branes observed in the corresponding Figs. 8a and 8b. A larger compaction in polymer concentration of the film at the interface that would lead to the formation of a skin is not observed. For the higher polymer concentrations (curves d~ and d 2) the surface polymer concentration is much larger. Starting membrane formation with polymer concentrations of 20 ("b") and 25% ("c") of polymer in the casting solution, an isotropic morphology is observed. The morphology of the membranes cast from a 30 or 32% polymer solution show an asymmetric structure with a higher polymer concentration at the interface, which results in the formation of a skin. An instantaneously demixed film with respect to liquid-liquid phase separation usually gives ultrafiltration membranes with thin top-layers in the membrane with a thickness of 0.2 p.m or less. Here, however, ultrafiltration characteristics are not observed. The pore sizes are larger, typically in the microfiltration range [2] , probably a result of crystallization. The polymer matrix shows an extra contraction as a result of crystallization, so the voids between the partly crystalline units, the pores, become larger. A detailed photograph of the top of a 32% membrane is given in Fig. 8d .
The results for the calculated composition paths do not significantly change if other Flory-Huggins interaction parameters are taken for the calculations. The uncertainty in the friction between polymer and solvent was evaluated by changing the "exponential pre-factor" of Eq. (19) with a factor of five. The exact location of the composition paths changes to some extent. The choice of a different parameter, however, does not lead to significantly different conclusions. The choice of the R23 parameter gave consistent values for the calculated solvent flux (Fig.  6(2) ) compared with the experimentally determined solvent fluxes by casting leaching experiments.
The types of mechanisms, delayed liquid-liquid demixing and solid-liquid demixing with an induction time, lead in most cases to a membrane with a morphology controlled by crystallization. The nucleation of crystalline material is highly dependent on the degree of supersaturation. Smaller spherulite size is a result of a larger nucleation density followed from a larger degree of supersaturation. If the supersaturation is too low crystallization of the polymer takes place after the cellular morphology was formed; nuclei of a crystalline phase could not be created on a short time scale. This type of morphology then is the result of liquid-liquid phase separation. Concentration profiles by solvent/non-solvent exchange develop more or less independently from the starting crystallization if the nucleation density is small. The flat composition paths (Fig. 5) , which are calculated for 20 and 25% of initial polymer concentration in the film, give rise to an isotropic morphology in the final membrane.
Mass transfer calculations and SEM photographs showed that higher initial polymer concentrations, 30 or 32% polymer solutions, lead to membranes with higher interfacial polymer concentrations resulting in membranes with a (thin) skin. The higher degree of supersaturation resulted in an axialitic morphology.
It can be concluded that a further insight is developed in membrane formation in which crystallization is involved. The type of morphology, cellular, spherulitic or axialitic is mainly dependent on the degree of supersaturation that is a result of exchange of non-solvent and solvent. Calculation of the initial composition path is therefore an essential procedure for understanding and predicting the membrane morphology.
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Conclusions
Mass transfer of the three components during membrane formation has been studied during the first moments of immersion of a nylon 4,6 solution in formic acid into the coagulation bath containing water. The results are related to the final state of the membrane morphology. 
5.1, Indices
(1) non-solvent; water (2) solvent; formic acid (3) polymer; nylon 4, 6 (b) coagulation bath (f) film
